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ABSTRACT
This study aimed to investigate the physicochemical properties of sugar industry and ethanol distillery
wastewater and the treatment of the blended wastewater through a two-stage anaerobic reactor. For this
treatment, different initial chemical oxygen demand (COD) concentrations (5–20 g/L) and hydraulic
retention times (HRTs) (2–10 days) were applied. The sugar industry efﬂuent characteristics obtained in
terms of organic matter (mg/L) were as follows: 5 days biochemical oxygen demand (BOD5): 654.5–1,968;
COD: 1,100–2,148.9; total solids (TS): 2,467–4,012 mg/L; and pH: 6.93–8.43. The ethanol distillery spent
wash strengths obtained were: BOD5: 27,600–42,921 mg/L; COD: 126,000–167,534 mg/L; TS: 140,160–
170,000 mg/L; and pH: 3.9–4.2. Maximum COD removal of 65% was obtained at optimum condition (initial
COD concentration of 10 g/L and HRT of 10 days), and maximum color removal of 79% was recorded
under similar treatment conditions. Hence, the performance of the two-stage anaerobic reactor for
simultaneous removal of COD and color from high-strength blended wastewater is promising for scaling
up in order to mitigate environmental problems of untreated efﬂuent discharge.
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Introduction
In many places, the disposal of the large volumes of untreated
industrial wastewater into nearby soil, groundwater, rivers, and
other water bodies causes the deterioration of surface and
groundwater.[1] About 70% of all wastewater generated in high-
income countries, 38% in middle-income nations, and only 8%
in low-income countries is treated; globally, over 80% of waste-
water is discharged without adequate treatment.[2] The two
fundamental reasons for treating wastewater are to prevent
pollution, thereby protecting (a) the environment and (b)
public health by safeguarding water supplies, and to prevent
the spread of water-borne diseases.[3] Recently, the sugarcane-
based ethanol distillery has emerged as a source of alternative
renewable biofuels, replacing fossil fuels as clean, affordable
bioenergy with a low carbon footprint.[4,5] However, most sugar
industries and ethanol distilleries in particular, discharge their
large volumes of high strength wastewater into the environ-
ment without adequate treatment.
Sugar industries generate about 1000 L of wastewater for
every ton of sugarcane crushed.[6,7] Usually, the wastewater
from the sugar industry contains high amounts of organic
and particulate matters, above environmental discharge
standards. These high amounts of organic and particulate
matters can cause rapid depletion of available oxygen,
endangering ﬁsh and other aquatic life in the water bodies
that receive the efﬂuent. Similarly, ethanol distillery
wastewater is generated at various stages of production, but
the wastewater of fermenter sludge, spent wash, and spent
lees are the main contributors to environmental pollution.[8]
In reality, the chemical composition of distillery spent wash
varies depending on the types of raw materials used for eth-
anol production and the distillation process. Among efﬂu-
ents, spent wash is high-strength wastewater that contains
5 days biochemical oxygen demand (BOD5) of 35,000–
50,000 mg/L, chemical oxygen demand (COD) of 100,000–
150,000 mg/L, high dissolved solids, and low acidity (pH of
3.5) with dark brown color-causing pigments.[9] Moreover,
spent wash is a very complex, caramelized, cumbersome,
and eco-toxic agro-industrial wastewater. Its disposal into
nearby environments is unsafe. Generally, treatment of eth-
anol distillery spent wash poses a challenge due to its large
volume of efﬂuent (8–16 L/L ethanol) and its high
strength.[10]
Globally, the stringent environmental regulations protecting
against environmental pollution requires sugar industry and
ethanol distillery wastewater to undergo speciﬁc treatment pro-
cesses to reduce pollutant concentrations to acceptable levels.[9]
Furthermore, increasing awareness of the need for environ-
mental protection has led to attempts to develop new treatment
technologies for wastewater that will work efﬁciently and eco-
nomically.[11] But there is no unique wastewater treatment
method that will remove all pollutants in a single step.[12] The
CONTACT Jemal Fito ﬁtojemal120@gmail.com Department of Water and Wastewater Treatment at Ethiopian Institute of Water Resources, Addis Ababa
University, Addis Ababa Akaki Campus, P.O. Box 150461, Addis Ababa, Ethiopia.
Color versions of one or more of the ﬁgures in the article can be found online at www.tandfonline.com/lesa.
© 2018 Taylor & Francis Group, LLC
JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A
2018, VOL. 53, NO. 7, 676–685
https://doi.org/10.1080/10934529.2018.1438826
selection of a particular wastewater treatment technique
depends on a variety of factors, including wastewater type, con-
centration, efﬂuent heterogeneity, the required level of removal
efﬁciency, economic factors, regulatory constraints, as well
as the public acceptance of the treatment.[13,14] Various
conventional physicochemical methods such as coagulation-
ﬂocculation, ﬁltration, adsorption, zonation, and membrane
technology as well as different combinations of these methods
have been employed for sugar industry and distillery efﬂuent
treatment but they were used after the biomethanation pro-
cess.[15] However, most of the conventional biological wastewa-
ter treatment processes are energy intensive, and therefore not
economical for attaining sustainability.[16] Moreover, the high
operating cost of aeration and sludge generation are the main
limitations of aerobic biodegradation, in addition to lower
treatment efﬁciency achievement.[9]
Anaerobic digestion is the most suitable and attractive
primary treatment option for high-strength organic efﬂuents
such as sugar industry efﬂuent and distillery spent wash.
High-rate anaerobic reactor like anaerobic ﬁlter in particu-
lar is preferable due to its economic feasibility, environmen-
tal friendliness, operational simplicity, energy recovery
methods, high loading capacity and low sludge produc-
tion.[17] An anaerobic ﬁlter is the ﬁrst high-rate bioreactor
that eliminated the need for solids separation and recycling
of efﬂuent. This kind of bioreactor has the advantages of
elimination of mechanical mixing, better stability even at
loading rates greater than 10 kg/m3day COD, and ability to
withstand toxic shock loads and resistance to inhibitors.[18]
As wastewater ﬂows through such a bioreactor, particles are
trapped and organic matter is degraded by the active bio-
mass attached to the surface of the ﬁlter material. The bio-
methanation of raw spent wash with a downﬂow ﬁxed-bed
bioreactor operated in parallel with supporting materials
made up of polyvinyl chloride (PVC) has been reported to
result in the removal of 87% BOD and 70% COD.[19] How-
ever, a single-stage anaerobic digester is susceptible to upset
by the rapid increase in volatile fatty acids, and a decrease
in the pH of the bulk solution can result in failure of the
anaerobic process.[20] Although the application of an anaer-
obic ﬁlter for sugar industry efﬂuent and molasses spent
wash has the potential to reduce organic loads, the presence
of inhibitory compounds in the efﬂuents can be a barrier,
and an adjustment is advisable to promote favorable con-
sumption of complex substrates by the actions of the micro-
bial population.[21]
Anaerobic digestion of sugar industry and ethanol distill-
ery wastewater has been studied separately using different
high-rate bioreactors. However, studying the blending of
two industrial wastewaters at different hydraulic retention
times (HRTs) and initial COD concentrations in order to
ﬁnd the optimum treatment conditions for simultaneous
COD and color removal using a two-stage anaerobic reactor
with the special type of the supporting material, namely,
the bio ball has not been investigated yet. This bio ball
increases surface area for microbial communities. Moreover,
neutralization is one beneﬁt of blending these streams as it
reduces the chemical consumption for pH adjustment. The
output of the study can help for the development of a single
treatment plant for both industrial efﬂuents. Therefore, the
main aim of this study was to explore how to ﬁll this gap
using mesophilic conditions of two stages of an anaerobic
ﬁlter. Furthermore, the overall performance of the system
was evaluated by applying environmental discharging
standards.
Materials and methods
Wastewater sampling and characterization
Wastewater samples were collected from the Metahara sugar
factory and ethanol distillery situated in East Shoa zone,
Oromiya regional state, Ethiopia. The factory is located at
an altitude of 940 m above sea level at the geographical
coordinates of 8 540 00 North and 39 550 00 East. The area
has a semi-arid climate with annual rainfall of about
600 mm and mean maximum and minimum temperatures
of 32.8C and 17.5C, respectively. The wastewater samples
were collected from the Metahara factories in pre-cleaned,
acid-washed plastic bottles and stored in a refrigerator at
4C until used for analysis. Sampling was carried out
monthly throughout the study period of 5 months. A grab-
sampling technique was used for physicochemical parame-
ters measured at the sites whereas a time-composite sam-
pling technique was applied for other physicochemical
parameters measured in the laboratory. Temperature, pH
and electrical conductivity (EC) were measured immediately
on site while other physico-chemical parameters, such as
total solids (APHA 2540 B, Total solid dried at 103–105C),
ammonia (APHA 4500, MgO Distillation methods), nitrate
(APHA 4500- NO3
¡ and Ultraviolet spectrophotometric
screening methods), total nitrogen (APHA 4500B, B- Kjel-
dahl Test), phosphate (APHA 4500-PC, Vandomolybdo-
phosphoric acid), total phosphorus (APHA 3030F and
APHA 4500-P), COD (APHA 5220 B, Open reﬂex method),
BOD (APHA 5210 B, 5-days BOD test), chloride (APHA
4500-Cl-B, argentometric) and sulphate (APHA 3030E, tur-
bidmetric method) were measured using standard methods
for the examination of water and wastewater.[22]
Experimental set-up
This experiment used an anaerobic digester that consisted
of a two-stage water jacketed and packed downﬂow anaero-
bic ﬁlter with the stages connected serially (anaerobic diges-
tor PDAN 2013, Edibon, Madrid, Spain) (Fig. 1). The
volume of each ﬁxed-ﬁlm bioreactor was 5 liters, and the
packing material was made up of uniform-sized bio-balls
(25 mm diameter). The bioreactor had the ability to control
efﬂuent feeding rate and temperature. The temperature of
each bioreactor was controlled by a water bath coming
from a thermostatic bath circulating in the facilities through
the water jacketed systems and controlled by means of reg-
ulatory valves. Flow rate of the inﬂuent was controlled by
two calibrated peristaltic pumps through a ﬂow meter. The
ﬁrst pump was used to inject the inﬂuent into the ﬁrst bio-
reactor from the feeding tank, the buffer vessel was situated
between the two bioreactors, and the efﬂuent pH was
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adjusted here before it was injected by the second pump
into the second bioreactor. Additionally, the buffer vessel
served as the efﬂuent collection container when overﬂow
from the ﬁrst bioreactor occurred.[23]
Inoculums development and experimental start-up period
The initial inoculums seed culture for this experiment was
collected from the full-scale upﬂow anaerobic sludge blanket
(UASB) anaerobic brewery wastewater treatment plant of
Brasseries et Glacieres Internationales (BGI) of Addis Ababa
(Fig. 2). The treatment system was operated in batch mode
throughout the experiment. During acclimatization process,
blended wastewater at the ratio of 5:1 sugar industry efﬂu-
ent to ethanol distillery spent wash was prepared. Further-
more, pH at 7 and an initial COD concentration to
5000 mg/L were adjusted using 0.1 M NaOH and 0.1 M
HCl solution, and tap water at the early acclimatization,
respectively.[24] The pH adjustment was done before the
dilution and if the required concentration was not achieved,
further dilution was done by tap water which was practical
not affecting the pH of the blending since the tap water is
nearly pH neutral. The temperature of both bioreactors was
kept constant at 37C. During the acclimatization process,
about 20% of the volume of each reactor was occupied by
inoculum whereas the remaining portion was occupied by
the blended wastewater. This is the optimum amount of
inoculum recommended by many literature for microbial
communities’ development within the reasonable time for
such size bioreactor without affecting the volume of the
reactor to occupy the wastewater. This mixed wastewater
was injected into the bioreactor at the hydraulic retention
time of 12 days. The acclimatization period was 3 months
but bioﬁlm development and biochemical reactions were
assessed by biogas production, change in pH, and color of
the efﬂuent. During the adaption process in the ﬁrst month,
no change was observed in pH or color of the efﬂuent. Fur-
thermore, no volume of water was displaced by biogas pro-
duction due to the biochemical reaction in the bioreactor.
However, in the second month of acclimatization some
changes were observed in all three parameters. In the last
month, a biochemical reaction in the bioreactor was
noticed; biogas generation displaced the volume of water
and changes in pH and color of efﬂuent were observed.
This condition was considered a steady state of the acclima-
tization process.[23,25] Finally, after the steady-state achieve-
ment, actual experiments were carried out at different
initial COD concentrations and hydraulic retention times as
shown in Table 1. From the literature and acclimatization
experiment, the values of the initial COD concentrations
and HRTs were ﬁxed in order to decrease COD concentra-
tion to the treatability ranges. Moreover, the values of
organic concentrations and HRTs are important factors to
interact with microbial communities in order to perform
the biodegradation action properly.
Bioreactor operation conditions
Similar to acclimatization process, during the treatment, the
two wastewaters of the sugar industry efﬂuent and the etha-
nol distillery spent wash were blended at the ratio of 5 to 1,
respectively. The pH of the blended wastewater was
adjusted to 7 and further diluted using tap water until the
required wastewater strength (COD) acquired for the spe-
ciﬁc biological treatment (Table 1). Even though the ration
of blending to dilution was various for each experiment of
the study, on average the sugar industry wastewater, to eth-
anol distillery spent wash and tap water ratio of 5:1:1.2 was
used. This experiment was carried out in duplicate with
experimental controls and the average values were reported.
In each experiment, the inﬂuent elapse time was 50% of the
Figure 1. Two-stage water jacketed and packed downﬂow anaerobic ﬁlter.
Figure 2. The sludge seed used for acclimatization of the bioreactor.
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hydraulic retention time (HRT) in the ﬁrst bioreactor and
50% in the second reactor. Hydraulic retention times for
the two bioreactors were deliberately identical because con-
tinuous inﬂuent supply cannot be managed at different
HRTs.
COD and color measurement
The most popular current testing method for COD is the open
reﬂux method, which is suitable for a wide range of wastes such
as sugar industry and ethanol distillery efﬂuents. The blended
wastewater sample was reﬂuxed in a strongly acidic solution
with an excess of potassium dichromate (K2Cr2O7). After diges-
tion, the remaining unreduced K2Cr2O7 was titrated with fer-
rous ammonium sulfate to determine the amount of K2Cr2O7
consumed and the oxidizable matter was calculated in terms of
oxygen equivalent. Due to it is higher oxidizing ability, the
dichromate reﬂux method was preferred over other oxidant
methods. Hence, the COD concentration of the blended waste-
water was determined by the open reﬂux method (APHA 5220
B).[22] The COD reduction measurement was made using the
initial COD concentration and its value after the efﬂuent passed
through the biological treatment, using Eq. (1).
COD removal%D CODi¡CODf
CODi
£100 (1)
where CODi and CODf refer to the initial and ﬁnal COD con-
centrations, respectively. The absorbances of the efﬂuent sam-
ple were determined at the characteristic wavelength of 475 nm
using a double-beam UV–Vis spectrophotometer (Agilent tech-
nology, Cary 100 UV-Visible Spectrophotometer). The color
removal percentage was calculated based on the absorbance
value of the initial COD concentration and its value after the
biological treatment, calculated using Eq. (2).
Color removal %D Ai¡Af
Ai
£100 (2)
where A refers to absorbance at 475 nm wavelength, i and f
subscripts refer to the initial and ﬁnal absorbance values,
respectively.[9]
Statistical analysis
Descriptive statistical analysis and correlations between physi-
cochemical parameters of the sugar industry and ethanol distill-
ery wastewater were examined using two-tailed bivariate
correlation tests at the 0.05 level of signiﬁcance. One-way anal-
ysis of variance (ANOVA) was used for the comparison of
mean COD and color removal values of the anaerobically
treated efﬂuent at the 95% conﬁdence level.
Results and discussion
Physicochemical analysis of the wastewater
Sugar industry efﬂuent and ethanol distillery spent wash
physicochemical properties were analyzed; the results are
shown in Table 2. The measured experimental results for
each parameter are presented as ranges and compared to
Ethiopian industrial efﬂuent discharging standards. Charac-
terization of the sugar industry efﬂuent and ethanol distill-
ery spent wash indicates a high strength of wastewater,
reﬂected in the high load of organic matter, rich in
nutrients and extremely high in total solids. Comparable
results were found in another study, in which distillery
spent wash characteristics were: pH, 3.0–4.5; BOD5, 50,000–
60,000 mg/L; COD, 110,000–190,000 mg/L; total nitrogen,
5,000–7,000 mg/L; and total solids, 110,000–190,000
mg/L.[26]
The pH of the sugar industry efﬂuent was within the
permissible limits of Ethiopian industrial discharging stand-
ards (6–9), whereas the acidity of the distillery spent wash
was below the discharging limit. The pH of the sugar indus-
try efﬂuent, from 6.93 to 8.43, was in the range of neutral
to weak alkaline pH. The alkaline nature of the efﬂuent can
be attributed to the utilization of Ca(OH)2 as the bleaching
agent and to high pH of juices in the sugar production pro-
cess. This alkaline nature is helpful for neutralizing the
highly acidic distillery spent wash, which ranged from 3.9
to 4.2. The acidity of the spent wash was caused primarily
by the use of sulphuric acid to adjust the molasses solution
at pH below 5 for fermentation and the environment con-
ducive for yeast (Saccharomyces cerevisiae) propagation.
Additionally, the use of diammonium phosphate (DAP) and
Table 1. Experimental conditions of COD and color removal from blended
wastewater.
Experiment Inﬂuent COD (g/L) HRT* (days)
1 5 2
2 5 6
3 5 10
4 10 2
5 10 6
6 10 10
7 15 2
8 15 6
9 15 10
10 20 2
11 20 6
12 20 10
Hydraulic retention time.
Table 2. Wastewater characteristics of the Metahara sugar industry and ethanol
distillery.
Parameters Units Sugar industry Ethanol distillery Ethiopia standard
pH — 6.93 – 8.43 3.9 – 4.2 6–9
EC mS/cm 0.46 – 0.54 39.6 – 51.2 —
Temperature C 29 – 36.5 46.2 – 50.1 40
TS mg/L 2467 – 4012 140,160 – 170,000 50
BOD5 mg/L 654.5 – 1968 27600 – 42921 60
COD mg/L 1100 – 2148.9 126000 – 167534 250
BOD5/COD mg/L 0.60 – 0.92 0.22 – 0.26 —
NO3-N mg/L 0 – 0.84 2.2 – 6.3 —
NH3 mg/L 0 – 2.8 11.2 – 18.02 20
TN mg/L 11– 26.8 1100.5 – 1380.7 40
TP mg/L 10.69 – 21 31.57 – 73.31 5
PO4
3¡ mg/L 1.15 – 5.13 15.14 – 27.03 —
Cl¡ mg/L 30.5 – 58.9 4796.6 – 7624.8 —
SO4
2¡ mg/L 21.4 – 45.2 4430.5 – 6038.9 —
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urea for yeast nutrients contributed to the buffering nature
of the spent wash, which challenged pH adjustment. Blend-
ing the slightly alkaline sugar industry efﬂuent with the
spent wash reduced the alkaline chemical consumption used
for neutralization of this distillery spent wash before biolog-
ical treatment. This pH neutralization was one of the rea-
sons for blending the two wastewaters.
The major pollutant of the sugar industry and ethanol
distillery wastewater is the organic matter, which was
described in terms of COD and BOD5. The sugar industry
efﬂuent BOD5 of 654.5–1,968 mg/L and COD of 1,100–
2,148.9 mg/L were obtained whereas the ethanol distillery
spent wash BOD5 of 27,600–42,921 mg/L and COD of
126,000–167,534 mg/L were recorded. Similar results for
distillery spent wash (COD of 139,671 and BOD5 of
35,989 mg/L) have been reported.[15] This indicates that the
efﬂuent was heavily loaded with organic matter and highly
polluted with BOD5 and COD. The Ethiopian Ministry of
the Environment, Forest, and Climate Change has estab-
lished stringent regulations for sugar and alcohol industry
wastewater; the recommended levels of COD and BOD of
efﬂuents are 60 and 250 mg/L, respectively. Both sugar
industry and ethanol distillery efﬂuent COD and BOD5 are
thousands of times higher than permissible discharging lim-
its. This shows the need for effective treatment prior to dis-
charge into the environment.
The biodegradability index (BI) is the ratio of BOD5 to
COD of the wastewater, indicating the extent of biodegrad-
ability. BI is a good indicator of the degree to which
organic matter can be degraded by biochemical reaction; it
can provide basic information useful in the selection of an
appropriate treatment technology and a treatment plant
design.[15,27] The BIs of the sugar industry and ethanol dis-
tillery wastewaters were investigated. The BI of the sugar
industry wastewater ranged from 0.60 to 0.92 whereas the
BI of the ethanol distillery spent wash ranged from 0.22 to
0.26. For fairly degradable wastewater, BI is higher than 0.6.
For a BI between 0.3 and 0.6, acclimatizing of microorgan-
isms through seeding is required, whereas for BI lower than
0.3 biological treatment is difﬁcult.[28] Hence, the sugar
industry wastewater is fairly degradable whereas effective
treatment of ethanol distillery spent wash with a biological
method is difﬁcult. There are twelve different experiments
of the blended wastewater with variable values of BI but the
average BI value was nearly 0.36, which is in the range of
0.3–0.6 and an indicator for biological treatment possibility
with acclimatizing of microorganisms. Therefore, blending
of the two types of wastewater can provide a solution. Simi-
larly, the ratio of C: N: P was checked during the character-
ization of the wastewater which was in the acceptable range
of 250:5:1, respectively.
Total solids of the sugar industry efﬂuent ranged from
2,467 to 4,012 mg/L whereas total solids of the ethanol dis-
tillery spent wash were in the range of 140,160–
170,000 mg/L. The high amount of total solids of both
industrial efﬂuents greatly exceeded the maximum permissi-
ble discharging limit of 50 mg/L. When these efﬂuents dis-
pose into nearby water bodies without treatment, the result
can be high water turbidity and diminished transparency of
the water bodies. Furthermore, the high amount of total
solid matter in the wastewater can also cause bioreactor
clogging during wastewater treatment using the anaerobic
ﬁlter unless preﬁltration is applied. To reduce total solid
composition, the efﬂuent must be treated before it
discharged.
The nutrient concentrations of sugar industry and etha-
nol distillery wastewater in terms of total nitrogen (11.14–
26.8 mg/L, 1,100.5–1,380.7 mg/L) and total phosphorus
(10.69–21 mg/L; 31.57–73.31 mg/L) were recorded. Even
though the main variations of the industrial efﬂuent compo-
sition are usually attributed to the feedstock and the pro-
duction process, the variation in the nutrient analysis in
this investigation under the typical conditions of industrial
practice is very high. The nutrient content of both efﬂuents
exceeded the maximum permissible discharging limits of 40
and 5 mg/L of total nitrogen and phosphorus, respectively.
Urea and diammonium phosphate are required for proper
propagation and normal function of yeast. These are the
main sources of and contributors to high nitrogen and
phosphorus contents in ethanol distillery spent wash
whereas the sources of the nutrient in the sugar industry
efﬂuent could be sugarcane uptake from soil. The direct
damp or washout of such high nutrient-saturated wastewa-
ter into the water bodies is a potential threat to aquatic
ecology. Furthermore, the nutrient can also be percolated
into the groundwater, contributing to the diminishing of
freshwater availability through pollution and causing serious
environmental and economic impacts. Hence, the nutrient
analysis indicated that substantial reduction of high-nutrient
composition in sugar and ethanol distillery wastewater is
expected either through treatment technology or source
reduction before it is emitted into the water bodies. But in
this study, the removal of the organic matter in the form of
COD and color has received special attention, and removal
efﬁciency tests were performed using the anaerobic reactor.
Correlation analysis of physicochemical parameters sugar
industry wastewater
The relationships among physicochemical parameters of
sugar industry wastewater was examined using two-tailed
correlation tests. The results are expressed in terms of the
correlation coefﬁcient (r) which is used to judge whether
the relationships between physicochemical parameters were
negative, neutral, or positive. Based on this, about 30% of
the parameters were negatively associated and the remain-
ing 70% of the parameter were positively associated, none
of them falling in the neutral category. The bivariate two-
tailed correlation analysis showed the strongest correlations
between EC and PO4
3¡, BOD5, and SO42¡, TN and COD,
NH3, and SO4
3¡ at r  0.92, whereas the weakest relation-
ship was found between the NH3 and PO4
3¡ at r D 0.04 as
indicated in Table 3. Although a strong correlation between
the parameters does not necessarily imply that a change
in the concentration of one parameter resulted in changes
in the concentrations of the others, it indicates the magni-
tude and direction of the association.
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Correlation analysis for physicochemical parameter
distillery spent wash
During the characterization of ethanol distillery wastewater,
the relation between the physicochemical parameters was
determined using correlation analysis (Table 7). The associ-
ations between many physicochemical parameters (nearly
40%) was generally weak in two-tailed tests (r < 0.50).
About 46% of the parameters were negatively associated,
whereas the remaining 54% of the parameters were posi-
tively associated. The strongest relationships between tem-
perature and COD, temperature and NO3
¡, temperature
and NH3, EC and TP, COD and NH3, EC and TP, NH3
and PO4
3¡ were observed at r > 0.90 and the weakest rela-
tionship was recorded between temperature and BOD5 at r
D 0.03. This indicates that about 60% of the parameters
were either strongly or negatively associated, which is a
good indicator of the parameters’ inactions in wastewater.
The effect of COD concentration and HRT on removal
efﬁciency of COD
Experiments were performed to ﬁnd the optimum point for
COD removal under different operational conditions of ini-
tial COD concentrations and HRTs, and the observed
results are presented in Table 5. The blended ratio was ﬁxed
at 5:1, the COD of the blended wastewater was determined,
and further dilution to required COD was done using tap
water. Blending was used for neutralization because the dif-
ference in pH of the two wastewater was high (sugar indus-
try wastewater 6.93–8.43 and the distillery spent wash 3.9–
4.2). The treatment of the blended wastewater of the sugar
industry and the ethanol distillery varied from an initial
COD concentration of 5 to 20 g/L, and the HRTs were 2, 6,
and 10 days. Speciﬁcally, the performance of the wastewater
treatment of the anaerobic reactor system was evaluated
with regard to COD and reduction.
The anaerobic digestion of the high-strength blended
wastewater was applied in two successive steps. At the last
bioreactor, the efﬂuent was taken and COD and color tests
were performed. In this study, the acidogenic and methano-
genic separation stages were considered conditions condu-
cive to treatment rather than the separately measured
treatment system. The solid supporting media that ﬁlled the
bioreactor were the bio-ball with high porosity and the
large surface area that created a favorable environment for
microbial communities to develop a signiﬁcant bioﬁlm. The
study results showed that the removal efﬁciency of COD
increased gradually from 24.3% to 65.1% as initial concen-
tration of COD rose from 5 to 10 g/L. Then the efﬁciency
was decreased considerably to 48.3% at the initial COD
concentration of 20 g/L and HRT of 2 days. High perfor-
mance of the anaerobic reactor for the treatment of the
blended wastewater was expected from literature describing
Table 4. Correlation matrix for physicochemical parameters of ethanol distillery spent wash.
pH EC T TS BOD5 COD NO3 NH3 TN TP PO4
3¡ Cl¡ SO42¡
pH 1
EC ¡0.46 1
T ¡0.50 ¡0.30 1
TS ¡0.83 0.88 0.10 1
BOD 0.18 ¡0.75 ¡0.03 ¡0.60 1
COD ¡0.45 ¡0.47 0.98* ¡0.04 0.20 1
NO3 ¡0.82 0.05 0.91* 0.49 ¡0.15 0.85 1
NH3 ¡0.34 ¡0.61 0.92* ¡0.19 0.37 0.98* 0.76 1
TN ¡0.46 ¡0.22 0.06 0.07 0.76 0.22 0.22 0.31 1
TP ¡0.50 1.00* ¡0.23 0.90* ¡0.79 ¡0.40 0.12 ¡0.56 ¡0.24 1
PO4
3¡ ¡0.32 ¡0.70 0.74 ¡0.27 0.65 0.87 0.61 0.94* 0.60 ¡0.66 1
Cl¡ ¡0.26 0.42 0.49 0.44 ¡ 0.87 0.29 0.49 0.12 ¡0.72 0.48 ¡0.25 1
SO4
2_ ¡0.50 0.93* 0.02 0.87 ¡ 0.91* ¡0.19 0.29 ¡0.37 ¡0.42 0.95* ¡0.57 0.73 1
Statistically signiﬁcant association at r 0.9.
Table 3. Correlation matrix for physicochemical parameters of sugar industry wastewater.
pH EC T TS BOD COD NO3 NH3 TN TP PO4
3¡ Cl¡ SO42¡
pH 1.00
EC 0.48 1.00
T 0.19 0.51 1.00
TS ¡0.55 ¡0.07 0.67 1.00
BOD 0.81 ¡0.11 ¡0.17 ¡0.62 1.00
COD 0.72 0.54 0.79 0.17 0.40 1.00
NO3
¡ 0.44 0.59 0.89 0.39 0.08 0.87 1.00
NH3 0.69 ¡0.27 ¡0.15 ¡0.49 0.97 0.36 0.09 1.00
TN 0.74 0.70 0.75 0.09 0.33 0.97* 0.82 0.24 1.00
TP 0.73 ¡0.08 0.19 ¡0.20 0.86 0.63 0.30 0.88 0.54 1.00
PO4
3¡ 0.74 0.92* 0.55 ¡0.18 0.21 0.77 0.68 0.04 0.88 0.24 1.00
Cl¡ 0.35 ¡0.52 ¡0.70 ¡0.71 0.78 ¡0.24 ¡0.50 0.79 ¡0.30 0.53 ¡0.33 1.00
SO4
2¡ 0.72 ¡0.23 ¡0.28 ¡0.63 0.98* 0.27 ¡0.06 0.97* 0.19 0.85 ¡0.07 0.86 1.00
The strongest positive associations between parameters at r 0.9.
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some separately treated sugar and ethanol distillery efﬂuent.
However, the performance of the bioreactor was relatively
good. The average COD removal might be attributed to the
non-biodegradable and recalcitrant nature of the spent
wash that can render anaerobic digestion difﬁcult, limiting
the performance of the bioreactor.[29] Perhaps the higher
initial COD concentration was another factor that contrib-
uted to the average removal efﬁciency so far achieved.
The removal efﬁciency of COD was increased under all ini-
tial COD concentrations as the HRT shifted from 2 to 10 days.
The higher HRT can be associated with the longer time for
microbes to contact with the organic matter, improving the
biodegradation activities of microbes in the bioreactor. This
clearly shows that increasing HRT enhanced the performance
of the anaerobic digestor but HRT was longer. However, if the
initial COD concentration was diluted too much, the expected
minimum HRT could be achieved. Generally, in this study,
maximum COD removal was 65.1% at the initial COD concen-
tration of 10 g/L and HRT of 10 days (OLR 1.0 kg/m3 day); this
supports comparable ﬁndings from many similar studies. In
line with this, 64% COD removal of distillery spent wash has
been reported using the upﬂow anaerobic ﬁxed-ﬁlm bioreactor
having coconut ﬁber as support material at HRT of 8 day with
OLR of 23.25 kg/ m3day.[26] Similarly, COD concentration of
1385 mg/L was treated using the UASB reactor and 69%
removal efﬁciency was achieved.[25] Furthermore, biological
treatments alone have been found insufﬁcient to completely
solve the problem of the high organic load and recalcitrant-
compound nature of sugar and ethanol distillery efﬂuent at sin-
gle-treatment stage.[30] Hence, the application of intensive
post-treatment of the biomethanated efﬂuent is expected in
order to meet stipulated efﬂuent discharging guidelines. For
example, a promising result was reported for simultaneous
removal of color and COD from distillery wastewater using
activated bagasse ﬂy ash as an adsorbent.[31]
The COD removal pattern with different initial COD con-
centrations at HRTs of 2, 6, and 10 days is presented in Figure 3.
The ﬁgure clearly illustrates that the efﬁciency of the removal of
organic matter decreased as concentrations increased under
similar HRT conditions after the optimization point. Perhaps
this might be due to the overload of the organic matters, which
decreased the contact rate between the organic matter and
microbial communities, decreasing the degradation of the
organic matter. Moreover, as initial COD concentration
increased, the concentrations of the recalcitrant components,
inhibitor pollutants, and color-causing pigment increased,
decreasing the performance of the bioreactor. These conditions
could have contributed to the lower COD removal efﬁciency
recorded at high organic loads. Generally, COD removal from
blended wastewater of the sugar industry efﬂuent through
anaerobic ﬁlter was found to be efﬁcient and promising for
scaling up at the industrial level.
A one-way ANOVA was used to compare the means of
COD concentrations after the treatment (Table 6). The results
indicate that there was a statistically signiﬁcant difference
among COD means after the treatment at P < 0.05. But there
is not sufﬁcient evidence to determine which COD mean was
different from the others.
The effect of COD concentration and HRT on color removal
efﬁciency
Under similar treatment conditions and experimental designs
for COD removal from blended wastewater, the color removal
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Figure 3. Removal efﬁciency of COD at different COD concentrations and HRTs.
Table 5. The effect of COD concentration and HRT on performance of anaerobic reactor.
COD (g/L) 5 5 5 10 10 10 15 15 15 20 20 20
HRT* (days) 2 6 10 2 6 10 2 6 10 2 6 10
OLR**(kgm¡3day¡1) 2.5 0.8 0.5 5.0 1.7 1.0 7.5 2.5 1.5 10.0 3.3 2.0
Removal % 24.3 48.4 58.6 58 60 65.1 37.3 41.2 44.2 26.2 30.6 35.7
Hydraulic retention time,
organic loading rates
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efﬁciency of the treatment system was investigated. The treat-
ment experimental procedures were done under identical
working conditions of initial COD concentrations ranging
from 5 to 20 g/L, HRTs from 2 to 10 days, and OLRs from 1 to
10 kg COD/m3day, as shown in Table 4.
In the study, 53.2% of color removal from blended
wastewater was achieved through anaerobic treatment at an
initial COD concentration of 5 g/L and HRT of 2 days.
Treatment efﬁciency increased gradually with increasing ini-
tial COD concentrations and increasing HRTs. A maximal
value of 79.4% was obtained at initial COD concentration
of 10 g/L and HRT of 10 days, similarly to the maximum
performance of the COD removal (65.1%) under the identi-
cal treatment condition. The best performances of the treat-
ment, 76.9%, 77.8%, and 79.4%, were achieved at initial
COD concentration of 10 g/L with HRTs of 2, 6, and
10 days, respectively. Probably the similarity of this opti-
mum point could be associated with the involvement of the
color-causing pigments in the formation dark brown color
of the distillery spent wash; this might also have contrib-
uted to the high COD concentration at the same time.
Color-causing pollutants in distillery spent wash are basi-
cally organic compounds. These major color-causing pig-
ments are melanoidins from Maillard reaction of sugars
with proteins, phenolics from the feedstock (sugarcane),
caramels from overheated sugars, and furfurals from acid
hydrolysis.[15,32] The one-way ANOVA analysis indicated
that there was a statistically signiﬁcant difference among
color means after biological treatment at P < 0.05.
As the initial COD concentration shifted from 10 to 15
and 20 g/L, the treatment performance of the bioreactor
decreased and minimum removal efﬁciencies were recorded
at initial COD concentrations of 15 g/L at all ﬁxed HRTs
(Fig. 4). Removal efﬁciencies of the treatment at initial
COD concentration of 15 g/L with HRTs of 2, 6, and
10 days were 41.3%, 44.4%, and 53.4%, respectively. Simi-
larly, removal performances of 48.3% and 52.5% were
observed at initial COD concentrations of 20 g/L with
HRTs of 2 and 6 days, respectively. However, 74.6% of
color removal at initial COD concentration of 20 g/L and
HRT of 10 days was recorded, a result comparable to the
maximum color removal performance (79.4%). This result
might be related to the increasing of the HRT of the treat-
ment, which would increase the chance of interactions
between the microbial communities and the color-causing
pollutants. This, in turn, enhances the chance for the pollu-
tants to be degraded or attached to the surface of support-
ing media (bio-balls) or microbial bioﬁlms. Generally, the
discharge of untreated colored wastewater, such as from the
distillery, can pose a serious environmental concern.
The experimental results showed that as HRTs increased,
the color removal performance improved for all initial
COD concentrations. The pattern of color removal efﬁ-
ciency with the variations of initial COD concentration is
Table 6. ANOVA test for COD means comparison after biological treatment.
ANOVA
Source of variation SS df MS F P-value F crit
Between Groups 1419.267 3.000 473.089 5.283 0.027 7.591
Within Groups 716.400 8.000 89.550
Total 2135.667 11.000
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Figure 4. Removal efﬁciency of color causing pigments at various COD concentrations and HRTs.
Table 7. The effect of COD concentration and HRT on color removal efﬁciency.
COD (g/L) 5 5 5 10 10 10 15 15 15 20 20 20
HTR* (days) 2 6 10 2 6 10 2 6 10 2 6 10
OLR** (kg/m3day) 2.5 0.8 0.5 5.0 1.7 1.0 7.5 2.5 1.5 10.0 3.3 2.0
Removal % 53.2 55.2 62.3 76.9 77.8 79.4 41.3 44.4 53.4 48.3 52.5 74.6
Hydraulic retention time,
organic loading rate.
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indicated in Figure 4. Usually, the widely used anaerobic
digestion treatment of distillery spent wash reduced the pol-
lution load by 65–70%.[33]
Conclusion
The majority of the physicochemical properties of the sugar indus-
try and ethanol distillery efﬂuents, such as nutrients (total nitrogen
and phosphorus), organic matters (COD, BOD5), acidity (pH),
and total solids, are very high, above the Ethiopian efﬂuent dis-
charging limits. The high physicochemical properties clearly indi-
cate that if the efﬂuents are not properly treated and discharged
into the environment, they can have adverse effects on the ecologi-
cal system that receives the efﬂuents. Hence, establishing suitable
wastewater treatment plants is a critical step in managing the
industrial wastes and protecting the environment from pollution.
Biological treatment methods are generally recommended for
treating sugar and ethanol distillery efﬂuents; speciﬁcally, use of the
two-stage anaerobic ﬁlter was found to be an effective treatment
system. Using the two-stage anaerobic reactor, a maximum COD
removal of 65.1% at COD concentration of 10 g/L and HRT of
10 days (OLR 1.0 kg/m3day) was achieved. Under similar treat-
ment conditions, the maximum color removal of 79.4% was
attained. Even though this treatment system was efﬁcient, the tech-
nology was incapable of minimizing the pollutants in the blended
efﬂuent to permissible levels. Therefore, to upgrade the quality of
anaerobically treated efﬂuent to the level recommended for reuse
or discharge, another treatment technology should be coupled with
the two-stage anaerobic reactor for further reﬁning the process.
The implementation of a secondary treatment step is very impor-
tant in order to comply with environmental standards and reuse
the wastewater as an otherwise untapped resource. Generally, this
performance evaluation of the two-stage anaerobic reactor showed
the treatment system was efﬁcient and feasible for simultaneous
removal of COD and color from high-strength blended wastewater
at the ﬁxed temperature of 37C, inﬂuent pH of 7, initial COD con-
centration of 10 g/L, andHRT of 10 days.
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